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The present DNS database contains fifteen flame configurations where freely propagating planar flames interact with counterrotating vortices and synthetic turbulence fields. The DNS solver considers the conservation equations for species, momentum and energy with complex chemistry and detailed transport in two space dimensions and in the low Mach number regime. Accurate transport algorithms accounting for both multicomponent molecular and thermal diffusion are implemented in this solver at low computational costs. Multicomponent transport may lead locally in space or time to substantial modifications of turbulent flame properties. These modifications can be much larger than those observed for laminar flames. They are particularly noticeable on the propagation velocity and thus on the stretch in regions where the flame front experiences strong curvature effects. For most flames studied here, multicomponent transport has only a moderate impact on global flame properties because of the smoothing induced by turbulent fluctuations. Thus, the present DNS results, which for the first time incorporate detailed transport models, provide a form of a posteriori validation for previous DNS based on simplified transport models. However, for highly curved flames or when quenching phenomena arise, multicomponent transport plays a sufficiently relevant role to be included in accurate DNS.
Introduction
During the last decade, numerical investigations of turbulent flames using Direct Numerical Simulation (DNS) have provided very valuable information for the modeling of combustion processes. Recent examples include the ITNFS function [1] and countergradient diffusion phenomena [2] . Early simulations used a constant density approximation and considered a surface transport equation to represent turbulent flame propagation [3, 4] . More complex effects have been subsequently introduced, such as compressible equations in two [5] and three dimensions [6] , while still retaining a one step chemistry model and a constant Lewis number approximation. DNS of multidimensional flames with complex chemistry have been reported recently, in both two [7] [8] [9] and three dimensions [10] .
In the meantime, new results on multicomponent transport modeling for reactive flows have been obtained [11] . Based on a kinetic theory framework, it was shown that multicomponent transport coefficients could be expanded as convergent series [12, 13] . Detailed numerical investigations of combustion applications showed that accurate and cost effective approximations could be obtained by truncation, only retaining the first few terms in the convergent series [14] . In particular, these results paved the way to a thorough investigation of a particular multicomponent effect, known as the Soret effect, which results from species diffusion induced by temperature gradients. The Soret effect tends to drive light molecules towards hot regions of the flow and heavy molecules towards cold regions, thus affecting the flame structure. Numerical investigations on various laminar flame structures [15, 16] have shown that the Soret effect may have a significant impact locally on the flame structure for hydrogen flames but that this effect is less important for methane flames.
The goal of this work is to investigate the impact of multicomponent transport on turbulent premixed H 2 /O 2 flames. Although we do not anticipate a dramatic impact of multicomponent transport on turbulent flame behavior, multicomponent transport phenomena may interact with turbulence and greatly modify turbulent flame properties at least locally in space or time. The question is then to determine whether these local perturbations are smoothed out by the turbulent fluctuations or may be amplified in space or time and have a global impact on the turbulent flame.
Our simulations will be based on hydrodynamic perturbations of freely propagating, planar, laminar flames.
Perturbations will be generated by either a pair of counterrotating vortices or a synthetic turbulence field. Altogether, we shall investigate fifteen turbulent flame configurations.
For most flames studied in this work, multicomponent transport effects will remain localized in time and in space. For such flames, our work will thus serve as an a posteriori validation for previous DNS based on simplified transport models. However, we will also point out some flame configurations where detailed transport models are needed for accurate DNS.
One important assumption made in this work is to restrict our simulations to twodimensional flame structures. While this assumption alleviates considerably the burden placed on computational resources and allows for a more systematic investigation of turbulent flame structures, it may be justified in part by previous three-dimensional DNS of turbulent premixed flames with single-step chemistry. Indeed, these simulations showed that the probability of finding cylindrical flame sheets is higher than that of finding spherical flame sheets [17] . It is thus reasonable to expect that the conclusions drawn from this study, at least as far as multicomponent transport is concerned, should remain valid for more realistic turbulent flames.
The paper is organized as follows. In the next section, we present the governing equations with complex chemistry and multicomponent transport used in the present DNS solver. In section 3, we briefly describe the planar flame database on which the DNS computations rely. In section 4, we detail the postprocessing tools used to extract both local and global flame properties. In sections 5 and 6, we investigate flame/vortex and flame/turbulence interaction and identify the impact of multicomponent transport.
Physical and Numerical Models
In this section, we present the conservation equations for multicomponent reactive flows in the low Mach number regime along with the physical models for chemical source terms and transport fluxes. We also detail the numerical methods used in the DNS solver.
Governing equations
The conservation equations for multicomponent reactive flows in fully compressible form are given in several classical textbooks [11, [18] [19] [20] [21] . These equations express the conservation of species mass, momentum and energy and are completed by a state law equation. In this work, we shall assume an ideal mixture of perfect gases.
Many practical combustion applications involve low Mach number flows. In such cases, the compressible multicomponent equations often lead to numerical difficulties [22] . Indeed, the ratio of advective to acoustic time scales is very small, thus placing a severe limitation on the time step for explicit time integration schemes such as those used in DNS. This limitation may be circumvented by considering a low Mach number approximation based on an analysis of the order of magnitude of the various terms in the conservation equations [19, 20, 23] . In this approximation, the pressure is split into a thermodynamic, spatially uniform part p 0 and a hydrodynamic, fluctuating part p such that p/p 0 is of the order of the square of the Mach number. The fluctuating pressure only arises in the momentum equations while the thermodynamic one is used in the state law. Furthermore, the viscous dissipation and the pressure work may be neglected in the energy conservation equation.
In turbulent flames, important couplings between pressure waves, flow patterns and chemical reactions may arise. Examples include self ignition phenomena in vortices [24] , acoustic forcing on premixed flames [25] and closed vessel combustion [26] . However, DNS of premixed turbulent H 2 /O 2 flames such as those considered in this work has shown that the compressible and the low Mach number approaches yielded the same flame structures in open configurations [27] . Therefore, the present study relies on the low Mach number formulation and as far as the impact of multicomponent transport is concerned, its conclusions should directly carry over to the fully compressible formulation.
Letting t be the time and x the spatial coordinate vector, the governing equations read
where ρ is the density, Y k the mass fraction of the kth species, F k its mass diffusion flux, ω k its mass production rate, c p k its specific heat capacity at constant pressure, h k its specific enthalpy, N s the total number of species, v the hydrodynamic velocity, I the identity matrix, S the momentum flux tensor (−S is the viscous stress tensor), c p = Ns k=1 Y k c p k the mixture specific heat capacity at constant pressure, T the temperature and Q the thermal part of the heat flux vector. The governing equations (1)-(3) are completed by the state law
where R is the ideal gas constant, m = (
the mean molecular mass of the mixture and m k the molecular mass of the kth species.
The governing equations (1)-(3) are completed with boundary conditions. In the present work, we focus on two-dimensional turbulent flames resulting from perturbations of freely propagating flat laminar premixed flames. Periodic boundary conditions are imposed in the transverse direction, Dirichlet conditions at the inflow boundary and non-reflecting conditions at the outflow boundary.
Chemical source terms
We consider a chemical reaction mechanism for H 2 /O 2 flames involving N s = 9 species and N r = 19 elementary reactions [28] . The reaction mechanism may be written in the form
where N r is the total number of reactions, ν f ki and ν b ki the forward and backward stoichiometric coefficients, and S k the symbol of the kth species. The mass production rates are then expressed as
where K f i and K bi are the forward and backward rate constants of the ith reaction and c l the molar concentration of the lth species. The forward rate constant is evaluated using an Arrhenius law while the reverse rate constant is given by the ratio of the forward rate constant divided by the equilibrium constant as given by thermodynamics. More details, including third body modifications, are given in [20] .
Transport fluxes
The general expression of the transport fluxes S, Q and F k is derived from the kinetic theory of gases [11, 20, 29] . The momentum flux tensor S reads
where µ is the shear viscosity. The volume viscosity contribution is not included in (5) since it can be incorporated in the hydrodynamic pressure for low Mach number flows.
On the other hand, the species mass diffusion fluxes and the thermal part of the heat flux vector read
where D = (D kl ) 1≤k,l≤Ns is the multicomponent diffusion matrix, X l the mole fraction of the lth species, χ = ( χ l ) 1≤l≤Ns the rescaled thermal diffusion ratios and λ the thermal conductivity. The species diffusion fluxes result from two contributions: multicomponent molecular diffusion due to mole fraction gradients and the Soret effect due to temperature gradients. In the same way, the thermal part of the heat flux vector results from a classical Fourier contribution due to temperature gradients and a coupling term with the species diffusion fluxes known as the Dufour effect. The kinetic theory of gases yields expressions for the transport coefficients µ, D, χ and λ which involve the solution of constrained singular linear systems. The mathematical structure of these systems has been investigated in [11, 13] . In particular, it was shown that the transport coefficients could be expanded as convergent series. Fast and accurate approximate expressions were then obtained by truncation [12] .
Optimized transport algorithms for flame codes have been investigated in [14] . Based on this work, we evaluate the shear viscosity by performing one conjugate gradient iteration on the usual transport linear system of size N s [11] . The resulting expression is more accurate and less expensive to evaluate than the empirical Wilke approximation. On the other hand, the thermal conductivity and the rescaled thermal diffusion ratios Multicomponent transport in turbulent flames 6 are evaluated from a linear system of size N s based on the species total energy only [30] . The size of the linear system is thus half the size of the classical linear system usually considered in the literature. When the thermal conductivity alone needs to be evaluated, one conjugate gradient iteration is performed whereas three iterations are used when both the thermal conductivity and the rescaled thermal diffusion ratios are computed. Finally, the Stefan-Maxwell-Boltzmann equations are considered to evaluate the species mass diffusion fluxes from a transport linear system of size N s . The multicomponent diffusion matrix may then be expressed as a convergent series. The first term, denoted by
, takes the form of a projected diagonal matrix. It simply corresponds to the classical Hirschfelder-Curtiss approximation with a mass correction velocity [31] . Truncating the series one term further yields a projected dense matrix, denoted by D [1] , that accounts for cross diffusion effects. Both approximate diffusion matrices are specified in [15] where more details on the transport linear systems are also given.
In the DNS performed in this work, we compare two models for the mass diffusion fluxes and the thermal part of the heat flux vector.
• model M1: Soret, Dufour and cross diffusion effects are accounted for
• model M2: Soret, Dufour and cross diffusion effects are neglected
Other intermediate models, such as accounting for Soret and Dufour effects while neglecting cross diffusion terms, are not considered in the present study for the sake of brevity.
Numerical methods and implementation
The numerical schemes implemented in our DNS code provide a high level of accuracy and low dissipation properties. Spatial derivatives are computed with sixth order centered finite difference schemes and time integration is performed with a fourth order Runge-Kutta formulation adapted to low Mach number flows. The momentum equations (2) are divided into a predictor and a corrector step. In the predictor step, we integrate the convective and viscous terms while neglecting the pressure gradient. Between the two steps, the hydrodynamic pressure is determined from a Poisson equation that ensures mass conservation at each Runge-Kutta substep and at the end of the global time step. The Poisson equation is solved using a Fast Fourier transform along the periodic direction with streamwise derivatives discretized using a fourth order finite difference scheme. The resulting system is solved using a pentadiagonal direct solver. Finally, the pressure gradient is updated in the corrector step. This procedure is classical for low Mach number simulations and is detailed for instance in [32, 33] .
Some reactions of the H 2 /O 2 chemical scheme are associated with short characteristic times. Therefore, a fully explicit integration scheme would require very small time steps. We thus employ a point implicit integration procedure of the chemical source terms. The time steps are thus limited by diffusive characteristic times which scale as the square of the mesh size. In the present DNS, diffusive characteristic times are typically five times larger than acoustic time scales, thus making the low Mach number formulation quite beneficial for CPU reduction, as already reported in [27, 33] .
Thermodynamic properties and chemical source terms are evaluated using the Chemkin II package [34] with vector optimization [35] .
On the other hand, multicomponent transport coefficients are evaluated using the EGlib package with vector optimization [36] . In this package, all the transport linear systems are considered in their naturally symmetric form which is computationally more efficient than the nonsymmetric versions considered in other packages [37] . In our implementation, the computation of thermodynamic properties and chemical source terms requires typically 18% of the overall CPU time. Multicomponent transport evaluation accounts for 8% of the overall CPU time when using model M2. When thermal diffusion coefficients are also computed, the relative contribution of multicomponent transport to the overall CPU time only goes up to 11%.
Preprocessing: the Planar Flame Database
In this section, we briefly describe the simulation code used to build the planar flame database. We then present the six test cases selected for DNS computations.
Physical and numerical modeling of planar flames
For freely propagating, one-dimensional, laminar flames, the dependent unknowns are the species mass fractions, the temperature and the constant mass flow rate. The governing equations are thus the species conservation equations (1) and the energy conservation equation (3) completed by the ideal gas law (4) . The physical models for complex chemistry and multicomponent transport are those presented in sections 2.2 and 2.3. Inflow boundary conditions of flux type are considered for species and temperature while the well-known cold boundary difficulty is treated by introducing an ignition temperature. Simple Neumann boundary conditions for species and temperature are imposed at the outflow boundary. More details are given in [16] .
The governing equations are discretized with second order finite difference schemes. The nonlinear set of discrete equations is solved approximately using damped Newton iterations. The thin regions of high chemical activity in the flame are appropriately resolved by adaptive gridding techniques. More details are given in [38, 39] .
Test cases
In this work, we have selected six freely propagating, one-dimensional, laminar H 2 /O 2 /N 2 flame structures with equivalence ratios φ ranging from lean (φ = 0.5) to rich (φ = 5) and fresh gas temperatures T u ranging from 300 K to 800 K. Table 1 presents the main characteristics of the six flame structures, referred to as test cases A to F. The burnt gas temperature T b and the laminar flame speed S l result from the onedimensional simulations. Two flame lengths are evaluated, one based on the thermal thickness given by δ T l = (T b − T u ) /|∂ x T | max and one based on the assumption of unity Reynolds number in the fresh gases, i.e. ρ u S l δ Re l /µ u = 1, where ρ u and µ u denote respectively the density and viscosity of the unburnt mixture. We may then define a laminar flame time as t F = δ T l /S l . In order to represent the flame structure, we introduce a progress variable c based on the temperature
Since the temperature profile is monotone, the progress variable ranges from c = 0 in the fresh gases to c = 1 in the burnt gases. This property is not guaranteed when the progress variable is based on fuel or oxidizer mass fraction. Indeed, because of differential diffusion, these mass fractions may reach extremum values which differ from the unburnt or burnt values. We define the flame front by the isolevel c = c * , where c * corresponds to the value of the progress variable at the position of maximum heat release.
For each test case, two sets of values are reported in table 1, corresponding to models M1 and M2. Slight differences between predicted flame properties are observed. In particular, laminar flame speeds are lower with model M1 which accounts for thermal diffusion. Indeed, the Soret effect inhibits the diffusion of active chemical radicals such as H, O and OH from the hot to the cold regions around the flame front, thus making flame propagation slower. In the present test cases, laminar flame speeds predicted by model M1 are reduced by a factor ranging from 3% up to 7%, in quantitative agreement with the results reported in [16] . We also note that the maximum level of H mass fraction is slightly lower with model M1 (the most significant difference, observed for test case B, is 5%). Positive or negative variations of the same order of magnitude are observed for the H 2 O 2 mass fraction. Finally, with the exception of test case C, slightly higher values are obtained for c * with model M1. One-dimensional laminar flame structures are converted into two-dimensional profiles by simple invariance in the y direction. The DNS meshes consist of square cells whose size is chosen adaptively for each test case by ensuring that at least ten cells are available in the x direction to resolve the sharp profiles of HO 2 and H 2 O 2 radicals. The initial solution for the DNS calculations is then obtained by superimposing a velocity perturbation corresponding to either a pair of counterrotating vortices or a given synthetic turbulence field. Test cases A, B and C will be used to investigate flame/vortex interaction whereas test cases A, D, E and F will be used to investigate flame/turbulence interaction.
Postprocessing Tools
In this section, we specify the local flame properties on which the impact of detailed transport models will be investigated. We also describe the numerical procedures used to access global flame properties in terms of standard and surface mean values from the DNS results.
Local flame properties
In this work, we represent turbulent flame structures using the progress variable c given by (8) . Indeed, in our simulations, the turbulence field did not affect the maximum temperature so that the progress variable c always ranged from 0 to 1. The flame front is tracked by considering the isolevel c = c * with c * determined from the planar flame database. The flame surface area S f is then defined as the length of the isolevel c = c * in the computational domain. Note that our approach implicitly assumes that a flame always exists at the isolevel c = c * and that the local turbulent flame structure is sufficiently close to the laminar one. This assumption is reasonably valid in the flamelet regime and will be further discussed below.
The conservation equation for the progress variable directly results from the energy conservation equation (3) and may be expressed as a Huygens (or G-) equation
with the propagation velocity S d defined as
We can identify a direct impact of multicomponent transport on the propagation velocity through the species diffusion fluxes and the heat flux. Multicomponent transport has also an indirect influence on this velocity since it modifies the species profiles near flame fronts and thus impacts the heat release term. Our numerical results show that the indirect contribution is by far more important than the direct one. Using simple geometrical considerations, the normal vector to the flame front may be defined as n = −∂ x c/ |∂ x c|, the curvature radius of the flame front as R c = 1/∂ x · n and the tangential strain rate as a T = tt : ∂ x v, where t is the tangential vector to the flame front. The local stretch rate K is defined as
and its sign indicates local flame surface creation or consumption [40] .
Global flame properties
Upon applying an ensemble averaged operator · S to the balance equation of flame surface area per unit volume [40, 41] , an equation for the flame surface density Σ may be derived in the following form [6, 17] 
where v and v are respectively the Favre averaged and the fluctuating components of the velocity vector. In addition, we have a T S = a T + a T S where a T S = tt S : ∂ x v and a T S = tt : ∂ x v S denote respectively the Favre averaged and the fluctuating components of the tangential strain rate. Equation (12) contains time evolution and advective terms on the left side and production/consumption terms on the right side. The right member may be directly expressed in terms of the ensemble averaged value of the stretch. In order to postprocess our DNS results, we introduce discrete standard and surface mean operators. We consider a structured mesh composed of rectangular cells. We denote by N x (resp. N y ) the number of cells in the x (resp. y) direction and by dx (resp. dy) the cell size. For the sake of simplicity, we assume a constant mesh size in both x and y directions although the procedures described hereafter easily extend to nonuniform meshes. We denote by C ij the cell whose lower left vertex has indices i and j. We first define the standard mean operator · as the standard mean value along the periodic direction y. This operator is defined for cell centered variables. Let Q be one of such variables and let Q ij denote its constant value in cell C ij . The standard mean operator reads
and is thus a function of the streamwise coordinate i. Let now A be the cell averaging operator which maps a nodal variable x into a cell centered variable Ax defined as (Ax) ij = (x ij + x i+1 j + x i j+1 + x i+1 j+1 )/4. With this operator, the standard mean operator can also be applied to nodal variables x simply by evaluating Ax . For instance, the Favre averaged value of the progress variable reads
In order to evaluate a discrete flame surface density, we introduce the length L ij of the isolevel c = c * in cell C ij (figure 1). The flame surface density, still denoted by Σ, then reads
and its unit is thus the reciprocal of a length. With this definition, the flame surface density is a cell centered quantity defined along the streamwise direction. It differs from the previous definition of [6] where components of the normal vector at constant x values were considered.
Finally, similarly to [6] , we introduce a flame surface mean operator · S for nodal variables. Let f be one of such variables and denote by f ij its value at the midpoint of segment L ij . The flame surface mean operator then reads
and is defined for all indices i such that The vorticity of a single vortex is Γ = Γ 0 exp (−r 2 /2r 2 V ), where Γ 0 is the initial circulation, r V the vortex radius and r the distance to the vortex center. The maximum vortex induced velocity is given by u V = (Γ 0 /r V )e −1/2 . The vortex centers are located at the distance of 1.5r V from the symmetry axis and we denote by R V = 5r V the vortex pair radius. With these parameters, we may define a vortex turnover time as t V = R V /u V . The vortex parameters u V and R V are given in table 2. We also report the quantities N x and L x (resp. N y and L y ) which denote the number of cells and the length of the computational domain in the x (resp. y) direction. Table 2 . Vortex parameters for flame/vortex interaction.
The vortex parameters u V and R V are chosen so that they yield three sets of flame/vortex length and velocity ratios: test cases V1 correspond to strong intensity and large radius vortices (u V /S l ∼ 20, R V /δ T l ∼ 5), cases V2 to strong intensity and small radius vortices (u V /S l ∼ 20, R V /δ T l ∼ 1.6), and cases V3 to weak intensity and large radius vortices (u V /S l ∼ 10, R V /δ T l ∼ 5). Since the vortex parameters are identical for models M1 and M2, the flame/vortex length and velocity ratios slightly depend on the transport models through the laminar flame properties δ T l and S l . In all cases, the vortex parameters are such that the flow Mach number is always smaller than M ≤ 0.1, in agreement with the low Mach number approximation.
Various important flame behaviors are represented in this DNS database, including formation of fresh gas pockets, vortex dissipation by strongly curved flames and flame quenching. We refer to [5, [42] [43] [44] for a physical discussion of these phenomena.
Time evolution of turbulent flame structures
We display in figure 3 the time evolution of H r defined as the heat release integrated over the computational domain. For cases AV1 to BV2, H r increases sharply once the vortices have reached the flame front. A quite different behavior is observed for cases CV1 to CV3 since H r first decreases with time, thus indicating flame quenching. Indeed, because of their high equivalence ratio, these flames are highly sensitive to velocity perturbations. For test case CV2, involving small vortices, flame reignition occurs at approximatively t = 10t V and yields to a sharp increase of H r after t = 12t V . Because of these quenching/ignition phenomena, we can consider that cases CV1 to CV3 are not located in the flamelet regime. Furthermore, we observe that the flame surface increases with time while the flame is being quenched, indicating that the isolevel c = c * is not appropriate to define the flame front. Similar considerations have been previously mentionned in [42, 44] , but mainly for nonpremixed flames. Multicomponent transport has a significant influence on the time evolution of the heat release especially when quenching phenomena are present with relative variations of the order of 15%. In the other cases, its impact is mainly limited to the peak value reached by H r with relative variations of the order of 5%. In flame/vortex interaction, the strain rate contribution to the stretch is always positive while the curvature one is negative, so that the sign of the stretch depends on the relative size of both contributions. For large radius vortices (cases V1 and V3), the stretch is dominated by the strain rate and is thus positive. In cases AV1, BV1 and AV3, the vortex pair crosses the flame front without quenching it and leads to the formation of a fresh gas pocket surrounded by a flame. On the other hand, for small radius vortices (cases V2), a competition between strain and curvature arises and flame behavior depends on the equivalence ratio. For lean flames (case AV2), K * immediately becomes negative, indicating that the vortices are dissipated by the strongly curved flame. For stoichiometric flames (case BV2), K * first increases and then decreases at approximately t = 11t V showing that the vortices eventually manage to cross the flame front. Multicomponent transport impact on the time evolution of K * remains marginal except for highly curved flames and especially for case BV2 where the relative variations are larger than 50% at approximately t = 11t V . 
Investigation of instantaneous profiles
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Figure 7. Isocontours for temperature and H 2 mass fraction. Cases AV3 and CV3 with models M1 and M2.
Figures 5, 6 and 7 present temperature and H 2 mass fraction isocontours for all test cases at the times selected in figure 4 . The formation of the fresh gas pocket is clearly visible for cases AV1, AV3, BV1 and BV2. The pocket is still connected to the fresh gases in cases AV1 and BV1 whereas it is already separated in cases AV3 and BV2. We also observe the vortex dissipation by the strongly curved flame in case AV2. For cases CV1 to CV3, the quenching phenomenon is more difficult to identify on the temperature or H 2 mass fraction. However, the impact of multicomponent transport on instantaneous profiles is quite significant on these cases. For example, in case CV3, the H 2 gas pocket is still linked to the fresh gas flow with model M2 while it is detached with model M1. Local differences are also present in the other cases especially at the leading and trailing edge of the fresh gas pocket. Figure 8 presents the propagation velocity S d and the flame stretch K extracted along the flame front as a function of the y coordinate for test cases AV2, AV3 and CV2 at the same times as those selected previously. For case AV2, which is representative of vortex dissipation, the stretch, which is dominated by curvature effects, is negative at the symmetry axis and relaxes back to zero at the periodic boundaries because of the small vortex radius. Multicomponent transport has a significant impact on the propagation velocity and thus also indirectly on the stretch. Model M1 yields lower propagation velocities around the symmetry axis, which can be attributed to the Soret effect. However, the impact near the periodic boundaries is opposite. For case AV3, which is representative of detached fresh gas pocket, we can identify two flame cusps at the leading edge of the main flame and at the trailing edge of the detached pocket. These cusps lead to almost singular behavior for flame stretch through velocity and curvature. In addition, the stretch takes large negative values at the periodic boundaries because of important flame bending. Model M1 leads to larger propagation velocities, especially at the leading edge of the detached pocket, in agreement with the observations of figure  7 . Finally, for case CV2, which is representative of flame quenching, the propagation velocity is much smaller than its laminar value and even takes negative values near the periodic boundaries, indicating propagation towards the burnt gases. The impact of multicomponent transport is quite significant, as already observed from figure 6. Model M1 mainly yields lower propagation velocities, which can be attributed to the Soret effect.
Flame/Turbulence Interaction
The DNS database for flame/turbulence interaction contains seven test cases based on laminar flames A, D, E and F. The initial perturbation to the velocity field is generated from either the Passot-Pouquet (PP) or the Von Kármán-Pao (VKP) turbulence spectrum. Both spectra are characterized by two parameters, the root mean square (r.m.s.) of the fluctuating velocity u and the integral length scale Λ. With these two parameters, we may define a turbulence time t T = Λ/u . More details on the PP and VKP spectra are given in [45] . Table 3 presents the turbulence spectra with the corresponding parameter values for the seven test cases, as well as the number of cells N = N x = N y and the length L = L x = L y of the square computational domain. Table 3 Table 3 . Turbulent field parameters for flame/turbulence interaction.
Time evolution of turbulent flame structures
Flame wrinkling and chemical activity are estimated by the flame surface area, S f , and the heat release integrated over the computational domain, H r . Flame surface areas are reported in figure 9 for all test cases while integrated heat releases are presented in figure 10 for two selected cases. The time evolution of flame surface area results from a competition between turbulent flame wrinkling and flame surface consumption when two flame elements merge together. All the flames remain statistically planar since the flame surface mean value of their curvature is nearly zero at all times. Two phenomena are observed for all test cases: (i) a sharp increase in flame surface area and integrated heat release over an establishment time and (ii) a strong correlation between these two quantities. In cases D, E and F, we also notice strong oscillations of the flame surface area resulting from the competition between turbulent wrinkling and flame surface consumption. In these cases, the flame front returns to its laminar state at the end of the simulation. Indeed, since we do not sustain the turbulence in the computational domain or through the boundary conditions, the turbulent perturbation is eventually convected through the flame out of the computational domain.
We observe some impact of multicomponent transport on flame wrinkling and chemical activity. In agreement with the previous analysis of flame/vortex interaction, multicomponent transport yields in most cases lower flame propagation velocities. Therefore, the flame surface consumption mechanism is less effective and also slightly delayed in time when detailed transport models are used. For instance, model M1 leads to a 7% higher maximum value of the flame surface area in case AT1. On the same token, the maximum increase of the normalized integrated heat release is underpredicted by 6% when using model M2. Note that the integrated heat release is normalized by its initial value which is different for models M1 and M2. The absolute maximum value of the integrated heat release with model M2 is 2% lower than with model M1 in case AT1 and 2% higher in case ET1. Figure 11 displays, for test cases AT1 and ET1, the time evolution of the flame surface mean value of the propagation velocity S d given by (10) . We report results obtained with models M1 and M2 as well as the r.m.s. of S d S obtained with model M1. For case AT1, S d S decreases at the very beginning of the simulation until approximately t = 0.3t T and then increases until it becomes larger than its laminar value at approximately t = t T . For case ET1, we obtain a different impact of the turbulence field since the turbulent flame velocity is most of the time lower than the laminar one. For both cases, we observe strong peaks that are local in time and correlate with consumption of flame surface area. Indeed, these peaks are related to the destruction of fresh gas pockets involving very high flame propagation velocities, thus strongly affecting the mean value S d S . On the other hand, our results show that multicomponent transport has no sizeable overall impact on the flame surface mean value of flame properties such as propagation velocity as well as tangential strain rate or curvature. However, significant, local in time effects are observed at the peaks previously described. For case ET1, such effects may be of the same order of magnitude as the r.m.s. of turbulent fluctuations, but are much smaller for case AT1. 
Investigation of instantaneous profiles
Both local and statistical properties are investigated using an instantaneous field selected at the times indicated by a vertical line in figure 9 . Figure 12 presents temperature and H mass fraction isocontours for cases AT1 and ET1 and for models M1 and M2. Isocontours obtained with models M1 and M2 are similar but not identical, with differences mainly arising in highly curved regions. In particular, when using model M1, the flame front movement is delayed and the flame surface is more wrinkled. The analysis of the other test cases leads to the same conclusions. These results are also in agreement with the time evolution of the flame surface area discussed previously.
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PSfrag replacements For case AT1, which is located in the extended flamelet regime, front discontinuities appear in the H and O profiles with maximum H levels located in regions corresponding to positive curvature. However, such discontinuities do not appear in the H 2 O 2 profile. Thus, various status of the flame can be inferred locally depending on the chemical radical that is considered to track the flame front, making the interpretation of the numerical results more complex for multicomponent DNS. In the following, we shall assume that the definition of the flame front given in section 4 remains valid also for cases AT1 and AT2. which is defined as the length in the x direction for which the flame surface density is nonzero. This quantity is reported in table 4. The flame brush ranges from 24% of the computational domain for weak turbulence fields (case DT1) up to 69% for strong turbulence fields (case AT2). The impact of multicomponent transport on this quantity reaches 7.5% in case AT1. The flame brush is higher with model M1 for cases AT1 and AT2 for which the turbulent velocity is high compared to the laminar flame velocity. Table 4 also reports the orientation factor σ y defined as in [6] . The mean values of the orientation factor range between σ y = 0.470 and σ y = 0.719. In most cases, this value is higher than the one proposed by Bray [46] , σ y = 0.5. The impact of multicomponent transport on this quantity is marginal except for case AT1 where it reaches 7.5%. Figure 14 displays the flame surface mean value of the propagation velocity S d S as a function of Favre averaged progress variable c for cases AT1 and ET1. In case AT1, S d S is greater than its laminar value and also decreases with c up to c = 0.7. This behavior indicates that the flame brush is locally increasing in time since the flame front is propagating faster in the fresh gas region than in the flame core. This effect is slightly enhanced when model M1 is considered. Similar results have been observed in [6] for constant Lewis simulations when the Lewis number was decreased from 0.8 to 0.3, keeping in mind that the inclusion of the Soret effect in model M1 may be interpreted as a decrease in the overall Lewis number for hydrogen. On the other hand, for case ET1, S d S is lower than its laminar value but no specific behavior is observed in the fresh gases. Finally, we observe in all cases and for both multicomponent transport models that the broadening of the turbulent flame is limited by the propagation velocity at its trailing edge which is larger than in the turbulent flame core. Figure 15 deals with the various source terms in the flame surface density equation (12) . Our results are in agreement with previous DNS results [6] . In particular, the mean flow induced strain rate is not negligible with respect to the total strain rate and both contributions are mainly positive. For most cases, multicomponent transport has a significant effect locally in the c space. For example, in case AT1, the effect is particularly important in the fresh gases, but in other test cases, the effect was observed in different regions of the turbulent flames. Also in agreement with [6] , the propagation term S d /R c S is positive in the fresh gases and negative in the burnt gases. The impact of multicomponent transport is again local and qualitatively similar to the one discussed for the propagation velocity alone in figure 14. Finally, we present in figure 16 the flame surface mean value of the stretch K S as a function of the Favre averaged progress variable c for cases AT1 and ET1. In agreement with [6] , the sign of the flame stretch is controlled by the propagation term, being positive in the fresh gases and negative in the burnt gases. Multicomponent transport has a significant impact on K S in some regions of the turbulent flame. These regions are characterized by a highly wrinkled flame surface with large fluctuations of the propagation velocity. For example, in case ET1, the differences observed in figure  16 at c ≈ 0.5 are related to the flame front shown in figure 12 where the second from top pocket of fresh gases significantly differs between models M1 and M2.
Conclusions
In this paper we have performed for the first time DNS of various turbulent flames with detailed multicomponent transport models. Multicomponent transport models have been implemented using accurate and cost effective algorithms derived from recent theoretical results. The overall CPU time was only marginally increased when such algorithms were implemented in our DNS code. We have investigated fifteen turbulent premixed H 2 /O 2 flames resulting from either flame/vortex or flame/turbulence interaction. Equivalence ratios ranged from 0.5 to 5. For flame/vortex interaction, we studied several flame behaviors, including formation of fresh gas pockets, vortex dissipation by strongly curved flames and flame quenching. For flame/turbulence interaction, we considered turbulent flames in both the standard and extended flamelet regimes.
For all configurations, multicomponent transport delays and enhances flame wrinkling, modifying global flame quantities such as flame surface area and integrated heat release. For most flames investigated here, this effect is not very pronounced and rarely exceeds a few percent in magnitude. It is however more important for lean and rich flames and in particular in the case of flame quenching. Moreover, multicomponent transport has a significant impact on the propagation velocity in highly curved flames and therefore modifies flame stretch when curvature effects dominate strain.
Instantaneous snapshots of temperature and chemical species profiles confirm the influence of multicomponent transport in flames experiencing strong curvature. By modifying the concentration of active radicals and thus the propagation velocity, multicomponent transport leads locally to substantial changes in the geometrical features of the flame front. With an eye towards turbulent flame modeling, we also notice an impact of multicomponent transport on some of the source terms in the flame surface density equation. In the c space based on the Favre averaged progress variable, the magnitude of this impact is locally important. On the other hand, multicomponent transport may change global quantities such as flame brush or orientation factor by up to 7.5% for lean flames.
To sum up, detailed transport models may lead to large local modifications of turbulent flame properties (up to 50%). These changes are larger than those observed for laminar flames. However, turbulent fluctuations appear to filter out these effects when considering mean quantities, leading to much smaller changes (up to 7%). These results provide some a posteriori validation for most of the previous DNS based on simplified transport models. Nevertheless, considering our results, we may anticipate a very noticeable effect of transport models on the flame velocity in other configurations such as spherical flame kernels (small radius, curvature of constant sign preventing cancellation effects for mean values) placed in a weak turbulence field. We will be able to investigate this effect as soon as three-dimensional DNS becomes routinely feasible.
